Abstract-This paper aims to optimize real-time control for the degraded mode of a fault-tolerant power architecture but not the fault detection and isolation procedure itself. Such power architecture is dedicated to electric vehicles in which it performs the three following essential functions: traction, battery charging, and electric-grid assistance. For safety reasons, in the degraded mode, power control is limited to the traction mode. Thus, for a given torque, the proposed innovative strategy uses a novel current/voltage transform that leads to efficient real-time control of the torque. The key idea is to drive the current without a priori restrictions on its waveform, while minimizing Joule losses, i.e., the effective value of the current. It has been validated on a laboratory test bench. The studied system is based on a three-phase open-end-winding synchronous machine powered by an inverter with three full H-bridges. The last section of the paper analyzes the comparison between the classic sinusoidal current waveforms and the proposed sinusoidal current waveforms while operating on the two remaining motor phases. It results in a 14% increase of the torque produced by the permanent-magnet machine under test and a 14% decrease of the global system losses in traction mode. As a result, the new control strategy enhances traction performance in degraded mode and increases electric-vehicle autonomy in a postfailure condition.
I. INTRODUCTION
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Fig. 1. Innovative power architecture for an EV suggested by VALEO [7] .
several architectures [4] meet the aforementioned criteria. Since 2011, innovative solutions (see Fig. 1 ) have been patented for EV power systems by the VALEO group [5] - [8] . Precisely, the patented power architecture enables the sharing of the three main power functions using no electric contactors. It is based on a three-phase open-end-winding permanent-magnet synchronous machine (PMSM) fed with a power inverter made of three full H-bridges. The dc bus is powered by a high-voltage battery using an interleaved buck-boost converter. This solution has been proven to be simple, fault tolerant, and energy efficient [9] - [14] . Indeed, this system has already been analyzed and discussed in different ways: 1) analytical and numerical computing methods to design the synchronous machine (regarding zero-sequence inductance, electromotive force (emf), etc.) [9] ; 2) innovative techniques for ensuring good performances in electric-grid connection mode [10] ; 3) improved vector control minimizing current ripple in traction mode [11] , new approaches enabling high-speed range optimizing air-gap flux weakening [12] , robust methods to track down any possible failures in the drive [13] , and simple techniques enabling traction mode without a speed sensor [14] .
In real-time control for the degraded mode of a fault-tolerant power architecture, fault detection and isolation (FDI) is a major issue [15] . In the studied drive, a fault may occur either in the motor itself or in the voltage pulsewidth modulation (PWM) inverter [16] , [17] .
• The fault has to be detected by the insulated-gate bipolar transistor (IGBT) driver (hardware detection) if an IGBT fails in short circuit [18] , [19] . the magnitude and the frequency of the three-phase currents [13] .
This paper does not focus on the FDI procedure but intends to enhance drive performances in postfailure functioning, increasing the maximum torque and extending the vehicle's range. Indeed, the above architecture is fault tolerant since it is able to operate using two of three phases. For an EV, traction mode is vital, and its loss could lead to dramatic consequences. In a fault-tolerant architecture, a phase default is detected (caused by a motor winding or a power switch), and the combination of the inverter and the machine is then reconfigured to isolate the faulty phase [22] . Bolognani et al. demonstrated in [23] that using sinusoidal waveforms enables the drive to operate up to 58% of the rated torque. PMSMs are designed and optimized on various criteria (cost, main machine and zerosequence machine inductances, cooling, etc.), leading to a final implementation with most frequently nonsinusoidal emfs. In this situation, the question arises as to whether the choice of sinusoidal currents in the two remaining phases is relevant for minimizing the drive losses and for maximizing the available torque. This question directly impacts 1) the EV range by improving global efficiency; 2) the availability and the safety of the EV in degraded mode.
Thus, the purpose of this paper is to suggest an optimal strategy to control the PMSM drive in real time during postfailure operation. The key points are 1) efficient torque control using a novel current/voltage transform, while keeping a simple and easy-to-tune control algorithm, and 2) optimal current references enabling the minimization of global drive losses and the maximization of drive torque. This paper is organized as follows. Section II explains the postfailure drive control structure, describes the developed experimental test bench, and shows the drive behavior while using basic sinusoidal current references. Section III presents the innovative strategy. Section IV assesses on an experimental test bench its performances against a competing classic approach. Section V draws a conclusion and outlines that the proposed control strategy may extend to other drive applications.
II. THREE-PHASE OPEN-END-WINDING SYNCHRONOUS MACHINE IN TWO-PHASE MODE
This section addresses the problem of driving a three-phase synchronous motor using only two of the three phases. To tackle this issue, an innovative reference frame is introduced, allowing the design of a simple control scheme based on proportional-integral (PI) controllers; additionally, a dedicated space vector (SV) PWM technique permits the minimization of inverter switching losses. This control architecture is successfully implemented on a laboratory test bench. At the end of the section, the latter is presented, and a test with classic sinusoidal current references is discussed.
A. Electrical Model in Degraded Mode
The synchronous machine operates according to Faraday's law. Within the context of the loss of the third phase (see Fig. 2 
with L as the phase self-inductance, M as the mutual inductance between two phases, R as the phase resistance, and [e a e b ] t as the back-emfs induced into the two remaining phases by the rotor movement.
At the shaft rotation speed Ω, current control enables the generation of an instantaneous electromagnetic torque, i.e.,
To this end, the two machine voltages are produced by the voltage inverter and are computed by a current controller.
B. Current/Voltage Transform in Degraded Mode
Compared with classical Park and Concordia transform for three-phase machines [24] , in degraded mode, a novel transform is needed using two of the three phases. Unlike the faulttolerant PMSM drive, which is mostly based on electrically and magnetically isolated windings [25] , [26] , the studied machine windings are magnetically well coupled to permit an optimized three-phase or a single-phase battery-charging mode [10] . Therefore, we consider our transform as novel in contrast to the solution adopted in [27] , as explained below.
To tackle this two-dimensional control problem, the adopted approach consists in diagonalizing the inductance matrix L ab using an appropriate T 22 transformation. Matrix L ab eigenvectors are proportional to [1 − 1] t and [1 1] t and are associated to two distinct eigenvalues, namely, L Γ = L − M and L Δ = L + M , respectively. Subsequently, matrix T 22 is defined as
T 22 is an orthogonal matrix that 1) enables diagonalizing the real inductance matrix L ab and 2) preserves the power invariance principle since T 22 t · T 22 = Id. Using the suggested transformation (3) in (1) leads to the following new set of equations, which describes the fictitious machine associated to the innovative transform T :
where
and [e Γ e Δ ] t are the fictitious currents, voltages, and back-emfs expressed in the new frame, i.e.,
Indeed, the transform proposed in [27] is only validated by simulation, and the mutual inductance value M must not be neglected to ensure a pure system decoupling in the fictitious frame; furthermore, the power invariance principle is respected, hence simplifying current reference computation from torque demand.
C. Control Scheme in Degraded Mode
In a classic way, the back-emfs [e Γ e Δ ] t are computed and compensated in the proposed control scheme. Current control can now be achieved using two independent controllers. Each one deals with a linear first-order system best suited for classic PI controllers. 
D. SV-PWM in Degraded Mode
A fictitious machine was defined to achieve a simple and efficient control structure of the degraded mode of the threephase PMSM working with two of the three phases. As the PMSM is specifically powered by a voltage inverter, the second crucial issue is to explore its ability to guarantee an SV control in the degraded mode.
After successful isolation, each of the two healthy H-bridges can still generate three voltage levels, namely, 0, +V DC , and −V DC . As a result, the inverter is only able to produce nine discrete SVs. Using the suggested fictitious machine approach, the output voltage vectors are described in the Γ − Δ frame by using the innovative transform in (3). The available discrete voltages are normalized with respect to bus voltage V DC and listed in Table I , whereas Fig. 4 shows them in the Γ − Δ frame.
Both H-bridge inverters can provide an average value of the voltage setpoint [v *
t , using the SV-PWM technique. For power losses and EMC reasons, it is required to control switching frequency (F SW ). Consequently, the PWM generation is a three-dimensional problem: Two dimensions are devoted to the fictitious machine, and one dimension is dedicated to time. Therefore, three different discrete voltage vectors {V 1 V 2 V 3 } among the nine inverter possibilities are necessary for solving this SV-PWM problem. Noting T SW = 1/F SW as the desired switching period, the three associated durations {Δt 1 Δt 2 Δt 3 } are computed using the following equation:
The set of three voltage vectors is chosen to guarantee that any Δt k is positive. The main issue is to select the most relevant one [22] , [28] . As shown in Fig. 4 , eight sectors are delimited by eight nonzero voltages. From this representation, it clearly appears that reducing voltage differences leads to decreased voltage ripples, which implies using adjacent vectors of the sector under consideration. Reducing switching losses is important [29] to improve the inverter reliability because thermal stress (due to losses) is a key factor in the acceleration of the failure mechanism process [30] . Indeed, the switching losses are mostly an important part of the semiconductor power losses [29] . Hence, switching frequency should decrease, leading to the generation of higher current ripple magnitude and, hence, additional losses [31] . To reduce it, as switching frequency cannot be increased, the tradeoff has to be done by the switching control strategy. Then, it is crucial to build a sequence guaranteeing an equitable switching distribution between legs. It is also important to obtain a limited number of switching and to avoid overswitching while changing from one sector to another.
In conclusion, the reference vector is located in a unique sector associated to a single set of three voltages (zero voltage and two active vectors). For example, in Fig. 4 , sector I is delimited by the three discrete voltages V 9 , V 3 , and V 1 . The proposed switching sequence associated to this sector is shown in Fig. 5 . Each single H-bridge needs only one switching, i.e., one turn-on or one turn-off during T sw /2. Finally, the minimization of the switching losses and their equitable distribution requirements are therefore fulfilled.
E. Torque Control Implementation Using Classic References
The suggested remedial control structure has been implemented and validated on an experimental test bench specifically designed for the study of the EV power architecture patented by VALEO (see Fig. 1 ). Following a brief presentation of the experimental setup (see Fig. 6 ), validation tests based on classic sinusoidal references are discussed underlying the performance limits. To overcome the limitations due to this basic strategy and enhance remedial strategy performance, the following section proposes a comprehensive optimization.
1) SM Under Test and Experimental Setup:
The PM motor drive under test consists of an eight-pole three-phase openend-winding PMSM (LEROY SOMER) supplied by an inverter composed of three full H-bridges powered by the same dc bus. The latter is fed by a 3.3-kW dc supply source (AGILENT) adjusted to its 300-V rated voltage. The PMSM is coupled to an induction machine (IM) mechanically. Using a dedicated industrial drive (OMRON), the IM operates in speed control. It allows for mimicking the PMSM mechanical load and can work in either regenerative braking or traction modes. The key PMSM features are summarized in Table II . Each of its phases is equipped with a Hall effect current sensor (LEM).
An incremental encoder (IVO Industry) coupled with the PMSM shaft enables the precise determination of the rotor position (its resolution is of 2500 points per revolution).
The control of the PMSM-inverter combination is implemented in a DSPACE real-time system. It is composed of a DS 1106 main card and secondary DS 3001 and DS 5203 cards. DS 3001 enables the determination of the absolute rotor position. DS 5203 is based on a field-programmable gate array Xilinx Virtex 5 driven with a 100-MHz clock. The suggested 20-kHz SV-PWM is implemented in it. It also performs analogto-digital conversions at the switching frequency rate. This frequency is used to synchronize the DS1106 microprocessor in which current control is implemented.
2) Control Structure Validation Using Classic Strategy:
To validate the proper functioning of the global system with the suggested control part, the first test consists in using the classic sinusoidal waveform strategy. Within this context, outputs calculated by the "current references" function block are based on the torque reference T and the electric angle θ e , i.e.,
The required fictitious current references
t can therefore be inferred from the suggested transform (T 22 ) −1 , as described in (5) .
As the ultimate objective is to ensure continuity of service in traction mode, the remedial strategy is applied immediately after a phase default occurs. This default is simulated on phase "c," and it is assumed that the fault is detected and isolated instantaneously and that phase "c" is immediately disconnected by its phase isolator. For this test, the PMSM delivers 20 N · m of torque and is loaded by the IM, which maintains a 600 r · min −1 constant rotational speed. The oscilloscope is triggered at a time when the phase fault is simulated (see Fig. 7 ). On the left-hand side of the picture are captured phase and dc-bus currents in a normal condition, whereas the postfailure behavior is shown on the right-hand side. The remedial control structure fully allows tracking the calculated current references: Remaining currents become √ 3 times larger than in normal mode and are with a 60
• phase shift. However, it is important to note that a significant current ripple appears on the dc current i DC feeding the inverter. The oscillation frequency is twice the electric frequency. This natural phenomenon occurs because of the back-emf harmonics that have not yet been considered. It is fully consistent with the simulation analyses presented in [17] , where Yang et al. mentioned an additional torque ripple due to harmonics in emf and the saliency effect.
This proves that the classic strategy does not sufficiently address the problem of driving the proper remedial currents. Therefore, Section III tackles their optimization, and Section IV compares, on the developed test bench, the suggested solution with the classic sinusoidal strategy.
III. CURRENT OPTIMIZATION IN DEGRADED MODE
Most classical control strategies of PMSM aim to achieve the required torque while minimizing the Joule losses [32] . Indeed, Joule losses induce motor and inverter thermal stresses that affect their reliability [33] and reduce the global car driving range due to a decline in power efficiency. However, these classic approaches usually consider pure sinusoidal back-emf in the PMSM. They also force pure sinusoidal currents in both the normal and degraded modes of operation [27] and may improve the drive performance by adding a third-harmonic component [34] , [35] . Generally speaking, the addressed optimization problem consists in defining the best trajectory between two given points, namely, the current waveform for one motor revolution, while respecting a constraint, namely, a constant torque. The Euler-Lagrange method has historically been developed for this class of problem [36] , [37] and successfully used for current optimization in PMSM [32] , [38] . Consequently, the Euler-Lagrange procedure is used in this particular case and applied in its generality. The obtained analytical form will be discussed subsequently.
In the event of any back-emf, this section aims to minimize the Joule losses while achieving a constant electromagnetic torque T in steady-state operation. The criterion used is therefore described by the functional J(i a , i b ) defined by
Subject to the one simple constraint of constant power defined by P em = T Ω , we have
To address this single-constraint mathematical optimization, a new single Lagrange-multiplier variable λ(t) is introduced, and the minimum of the unconstrained augmented functional J a (i a , i b , λ) is sought, i.e.,
A necessary condition for the J a (i a , i b , λ) optimality is that the partial derivatives of the Lagrange function are zero at any time [36] , which means that
Solving this set of three equations with the three unknowns (i a , i b , λ) yields the following solution:
Consequently, it leads to a substantially different strategy than the classic solution that arises from the sinusoidal waveform constraint.
Specifically, although considering pure sinusoidal back-emf shape, (13) , shown below, provides current waveforms completely different from the waveforms given by (7) and exhibited in [17] , for instance
Indeed, the current references in the two healthy phases no longer have sinusoidal shapes and are phase shifted by T e /3 instead of T e /6. The power output by phase is therefore quite different. Optimizing without preconceived waveforms increases the current level when the absolute value of the phase backemf is large. Similarly, current and related back-emf cross the zero point simultaneously. It induces that around this point, the phase power is negligible, which implies maximum power in the other remaining phase. It is for that reason that current and back-emf are in phase and that the phase current peak occurs close to the time when the other back-emf is zero. The current peak value is slightly higher with the calculated waveforms than with pure sinusoidal shapes. Moreover, it is important to notice in this latter case that there is an additional torque ripple with a magnitude of about 13% of the mean torque. Now, considering the real back-emf measured on the PMSM under test, we are able to calculate the current reference waveforms minimizing the unconstrained augmented functional (10) . Fig. 8 shows current references in both cases, namely, classic sinusoidal waveforms and calculated waveforms for an operating condition defined by T = 20 Nm and N = 600 r · min −1 . We can verify in Fig. 8 that the calculated currents effectively lead to a constant electromagnetic torque. These very encouraging results must be confirmed on the developed test bench to assess the increase in the maximal torque and also the power efficiency enhancement. To achieve this result, the current control implementation relies on the control scheme described in the previous section (see Fig. 3 ) and using the novel transform. Thus, the proposed current reference is controlled in the suggested ΓΔ frame. The main electrical variables are depicted in the ΓΔ frame in Fig. 9 : The back-emf is required for forward compensation, each phase current is zero at the same time as the corresponding emf, and the voltage is the control value driving the SV-PWM block. In our control scheme, two PI controllers are used. The time constant and gain of these two PI controllers are calculated to guarantee the closed-loop stability and ensure a sufficient gain at the fundamental frequency of the reference currents to reduce errors at this frequency. 
IV. INNOVATIVE APPROACH PROOF OF CONCEPT
This section assesses and benchmarks the performance of both the classic strategy and the suggested strategy using the test bench described in Section II.
To compare the two approaches, Table III gives root mean square (RMS) and peak-to-peak current values in steady state, namely, at 20 Nm and 600 r · min −1 . Clearly, constraining the current waveform to be sinusoidal yields a greater RMS current: The RMS value of suggested currents is 6% lower than in the classic scenario. By contrast, relaxing the current shape constraint provides a higher peak value, namely, 13% higher than in the classic scenario. Indeed, as both current and backemf are zero simultaneously, the second remaining current has to be greater around this point so as to compensate for the phase power decrease. Fig. 10 shows the two experimental currents using a trigger moment based on back-emf crossing zero; one can see that phase "b" current reaches its maximal value around this point in time.
Nevertheless, the entire power balance of the drive in the remedial strategy shown in Fig. 11 clearly highlights that losses are significantly reduced for a given torque; 14 percentage points represent a significant difference between the two situations under test. In concrete terms, this enables enhancing accordingly the vehicle range in postfailure operation. Similarly, the torque is increase by 14% while operating at the same RMS current value. In practical terms, since the effective current is limited for thermal concern, this allows to perform a higher torque in the remedial strategy, hence enhancing the availablility of traction-mode function.
Finally, Fig. 12 shows that the overall suggested strategy is relevant to achieve transient objectives of a drive. For this validation, the torque reference consists of a square waveform characterized by a 15-Nm low level and a 25-Nm high level. Fig. 12 shows that the current transient is effective with a response time of about 4 ms. This ensures the immediate response to driver demand, i.e., acceleration or braking.
V. CONCLUSION AND PERSPECTIVES
This paper aims to optimize the postfailure traction mode of a fault-tolerant power architecture dedicated to EVs. The studied electric powertrain is based on a three-phase PMSM. Considering degraded mode operation on two of the three phases, the study tackles the problem of optimal constant torque generation, and additionally, the drive losses are minimized. The related current waveforms are expressed analytically, which leads to a generic solution easy to transpose to any synchronous machine.
To validate the innovative strategy, an experimental test bench has been developed, and a control scheme has been designed, implemented, and validated. As soon as a default is detected in one phase, the control system switches from the d − q reference frame to the suggested postfailure reference frame; it enables a proper functioning in degraded mode. In particular, the postfailure control structure permits 1) a simple PI controller tuning through a truly decoupled system and back-emf compensation; 2) optimized functioning of the inverter through a dedicated SV-PWM; 3) a good switching from normal mode to remedial mode.
Moreover, a comparative study has been carried out between a classic strategy based on sinusoidal current waveform and the proposed strategy with no preconceived waveform consideration. Regarding the combination of the inverter and the PMSM under test, the major conclusions that can be drawn from this paper are listed as follows. 1) Motor drive losses are reduced by 14%, thereby enhancing the EV range in degraded mode, which provides the driver with a higher chance to reach a maintenance point. 2) Moreover, the reduction of thermal stress benefits the reliability in postfailure mode, which is a second key point. 3) Maximal motor drive torque is increased by 14%, thereby improving the capacity to control the EV when a failure occurs, which benefits security issues.
It has been shown experimentally that optimizing the current control strategy enhances PMSM drive performances in postfailure mode significantly. Additionally, the proposed strategy fits most PMSM drives since the current references are given analytically. Possible future work in the area is to generalize this approach to the other types of electric motors used in EVs, namely, IMs and variable reluctance machines.
